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The Presynaptic Release Apparatus Is Functional
in the Absence of Dendritic Contact
and Highly Mobile within Isolated Axons
Recent evidence pointing to a rapid induction of new
dendritic spine growth (Maletic-Savatic et al., 1999;
Engert and Bonhoeffer, 1999; Trachtenberg et al., 2002)
or dramatic remodeling of spine morphology in response
to repetitive synaptic activation (Buchs and Muller, 1996;
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Fischer et al., 2000) has sparked renewed interest inNew Haven, Connecticut 06520
the relationship between synaptogenesis and synaptic
plasticity (Constantine-Paton and Cline, 1998). Confocal
imaging of fluorescently labeled pyramidal neurons inSummary
hippocampal slice cultures and dissociated cultures re-
veal highly motile dendritic filopodia (Dailey and Smith,Whether contact of an axon with a dendrite is a neces-
1996; Ziv and Smith, 1996). In vivo, abundant filopodialsary inductive signal for the assembly of functional
and spine sprouting and retraction can be observed inpresynaptic machinery is controversial. Combining
the cortex of young animals, whereas the degree ofFM1-43 imaging with retrospective immunocytochem-
spine remodeling in the adult cortex decreases and mayistry, we observe many functional synaptic vesicle (SV)
differ between cortex regions (Trachtenberg et al., 2002;release sites lacking postsynaptic specializations in
Grutzendler et al., 2002). Interestingly, the growth andcultured hippocampal neurons. These “orphan” re-
motility of dendritic spines is regulated by synaptic stim-lease sites share the same exocytic machinery and
ulation and activation of postsynaptic glutamate recep-mechanisms of endocytic recycling as mature synap-
tors in vitro (Maletic-Savatic et al., 1999; Fischer et al.,tic sites. Moreover, quantitative analysis of FM1-43
2000) and modulated by sensory experience in vivodestaining at these orphan release sites reveals similar
(Trachtenberg et al., 2002). It has been proposed thatkinetics with slightly lower release probabilities. Time-
contact of a dynamically growing dendritic filipodiumlapse imaging of FM1-43 reveals that orphans are gen-
with an axon could initiate the cascade of events leadingerated by complete or partial mobilization of synaptic
to very rapid synapse assembly (Jontes et al., 2000;release sites that retain their functionality in transit.
Ahmari et al., 2000; Friedman et al., 2000). While physicalOrphan clusters fuse with existing synaptic release
contact between outgrowing axons and dendrites issites or form novel release sites onto dendrites. Mobili-
generally thought to be a key event in the genesis of azation and stabilization of orphan boutons to new sites
new synapse, the precise role of cell-cell contact in theof dendritic contact may represent a necessary pre-
maturation of the pre- and/or postsynaptic specializa-synaptic counterpart to postsynaptic changes ob-
tion is poorly understood.served during development and plasticity in the CNS.
Indeed, it remains a matter of debate whether the
formation of a functional presynaptic release site re-Introduction
quires postsynaptic cell contact. Observations that neu-
rotransmitter release often occurs long before out-The formation of new synaptic connections in the mam-
growing axons have contacted their targets arguemalian central nervous system is a fundamental process
against the requirement of axodendritic cell contact fornot only during development, but also for experience-
the formation of functional release sites. Spontaneousdependent plasticity of neural networks in adulthood
and evoked quantal release of acetylcholine can be ob-(Yuste and Bonhoeffer, 2001). The identification of many
served from growth cones and axonal shafts of cultured
molecular constituents of central nervous system (CNS)
spinal cord motoneurons in isolation (Hume et al., 1983;
synapses (for reviews, see Fernandez-Chacon and Su¨d-
Young and Poo, 1983; Sun and Poo, 1987; Zakharenko et
hof, 1999; Garner et al., 2000; O’Brien et al., 1998; Sheng al., 1999). Moreover, depolarization-induced, calcium-
and Pak, 2000) and studies of their recruitment to na- dependent exo-endocytotic recycling of synaptic vesi-
scent synapses (O’Brien et al., 1997; Rao et al., 1998) cles prior to cell contact formation occurs in outgrowing
has provided increasing insight to the molecular events axons of hippocampal neurons (Matteoli et al., 1992;
underlying the formation of CNS synapses. Real-time Kraszewski et al., 1995) and spinal cord motoneurons
imaging of synaptogenesis in live preparations (Dailey (Dai and Peng, 1996). There is currently no known func-
and Smith, 1996; Ziv and Smith, 1996; Jontes et al., tion for release of neurotransmitter at developmental
2000; Ahmari et al., 2000; Friedman et al., 2000) reveals stages that precede synapse formation. In this study,
that synapse assembly is a fast process that is com- we examined SV recycling at release sites in mature
pleted within hours of its initiation. According to these cultures of dissociated hippocampal neurons using
studies, synaptogenesis is an ordered, multistep pro- FM1-43 imaging combined with retrospective immuno-
cess in which the rapid formation of functional presynap- cytochemistry. We demonstrate that fully functional SV
tic release sites from pre-assembled complexes (Zhai release sites are formed in the absence of axodendritic
et al., 2001; Shapira et al., 2003) precedes the slower contact. We also show that these orphan release sites
in situ assembly and maturation of the postsynaptic exhibit mature kinetics and mechanisms of regulated
specialization (Friedman et al., 2000; Okabe et al., 2001). endo-exocytic recycling. Finally, these orphan clusters
are formed from and recruited to existing synaptic sites,
indicating an important role for these mobile and func-*Correspondence: reiko.fitzsimonds@yale.edu
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tional presynaptic elements in synaptogenesis and plas- and 2B). On-dendrite release sites colocalized well with
AMPAR (62%), PSD-95 (57%), and NMDAR clustersticity.
(36%). In contrast, AMPAR, PSD95, and NMDAR were
absent from off-dendrite release sites (0.7%  0.3%,Results
3.8% 1.2%, and 0.4% 0.1% colocalization, respec-
tively), consistent with the lack of MAP2 apposition. Off-“Orphans”: Functional Release Sites that Lack
dendrite boutons also lacked colocalization to gephyrinPostsynaptic Specializations
(0.7%  0.3%), a postsynaptic cytoskeletal linker pro-To investigate whether the assembly of a functional SV
tein at GABAergic boutons (Craig et al., 1996), whereasrelease apparatus requires contact with a dendrite, we
31% of on-dendrite boutons were apposed to gephyrincorrelated sites of SV recycling to the location of den-
clusters, consistent with the fraction of GAD65-immuno-drites and pre- and postsynaptic specializations in low-
labeled SV release sites found in these cultures. Interest-density cultures of dissociated rat hippocampal neu-
ingly, N-cadherin, a synaptic cell adhesion molecule,rons. All experiments were performed after 10–21 days
was completely absent from off-dendrite release sitesin culture, a period well after the onset of synaptogene-
(3.4%  1.2% colocalization), whereas 49% of the bou-sis (see for example Rao et al., 1998; Friedman et al.,
tons apposed to MAP2-positive dendrites colocalized2000). While new synapse formation remains ongoing
with N-cadherin. This observation is in agreement withat this stage, action potential-evoked neurotransmission
the proposed role of N-cadherin as a mediator of trans-and activity-dependent synaptic plasticity have reached
synaptic cell adhesion at glutamatergic synapses (Ben-mature levels (Fitzsimonds et al., 1997). We labeled func-
son and Tanaka, 1998). In summary, release sites nottional SV release sites with FM1-43 by briefly (30 s)
apposed to MAP2-positive dendrites were not colocal-exposing neurons to a solution containing 90 mM potas-
ized with postsynaptic proteins of glutamatergic andsium. Retrospective immunocytochemistry was then
GABAergic synapses or the synaptic CAM N-cadherin,performed on the same neurons to localize the dendritic
demonstrating that they lack any postsynaptic apposi-protein MAP2 and either the SV marker VAMP2 or the
tion. For further functional characterization, we havecytomatrix at active zones (CAZ) protein Bassoon rela-
defined all release sites not apposed to a MAP2-positivetive to the sites of FM1-43 uptake. We found that a
dendrite as “orphan,” i.e., without postsynaptic apposi-considerable fraction of Bassoon (37.8%  1.6%) and
tion. In contrast, the term “synaptic” is used for thoseVAMP2 clusters (38.3%  3.3%) were not apposed to
release sites that are apposed to dendrites and colocal-(2 m away from) a MAP2-positive dendrite (Figures
ize with either glutamatergic or GABAergic postsynaptic1A and 1B). 63% of VAMP2 and 67% of Bassoon clusters
specializations.that were not apposed to a MAP2-positive dendrite also
colocalized with FM1-43-positive sites of SV recycling.
Orphan Release Sites Undergo FunctionallyThus, most presynaptic protein clusters that lack con-
Mature SV Exo- and Endocytic Recyclingtact with a dendrite nonetheless represent functional
Although our findings suggest that contact with a post-release sites. The Bassoon and VAMP clusters that are
synaptic target is not required for the formation of anot colocalized with sites of FM1-43 uptake may corre-
functional SV release site, they do not rule out the possi-
spond to previously described “transport packages” of
bility that the presence of a dendritic apposition could
SVs and CAZ, respectively (Ahmari et al., 2000; Zhai et
retrogradely influence the maturational state of presyn-
al., 2001; Shapira et al., 2003). Both glutamatergic and
aptic function (see Fitzsimonds and Poo, 1998). To in-
GABAergic neurons (together constituting the over- vestigate this possibility, we examined the kinetics of
whelming majority of all neurons in our cultures) formed depolarization-induced FM1-43 release by bath applica-
functional release sites in the absence of dendritic con- tion of a solution containing 90 mM potassium. Exo-
tact. Immunocytochemical localization of the GABA syn- cytosis at individual orphan and synaptic release sites
thesizing enzyme glutamic acid decarboxylase 65 (GAD65) occurred with very similar kinetics (Figures 3A and 3B).
demonstrates that 29.0%  10.8% of all release sites The average time courses of unloading at 508 orphan
on isolated axons contained this marker for GABAergic and 1466 synaptic release sites were identical when
boutons (data not shown). This fraction was not signifi- normalized to the initial fluorescence intensity (Figure
cantly different from the percentage of GAD65-positive 3C), and cumulative distributions of the relative fluores-
boutons apposed to dendrites (30.4%  5.6%). cence loss (F/F) during the first 20 s of the depolarizing
The observation that SV and CAZ protein clusters stimulus were not significantly different (mean fluores-
colocalize with sites of FM1-43 uptake on isolated axons cence 1027 and 2710 arbitrary fluorescence units [a.f.u.],
suggests that the formation of a functional SV release respectively; two-sided two-sample Kolmogorov-Smir-
apparatus does not require dendritic cell contact. Our nov [KS] test, D  0.058; p  0.162; Figure 3C, inset). It
immunocytochemical analysis, however, might have is important to point out that when measuring fractional
failed to detect very thin-caliber dendrites that do not FM1-43 release, we normalized release rates to the initial
contain larger quantities of MAP2, the marker used to fluorescence, i.e., to the size of the recycling SV pool.
define the presence of dendrites. To exclude this possi- However, it was consistently the case that the initial
bility, we determined whether boutons lacking contact FM1-43 fluorescence intensity was lower at orphan
to MAP2-positive dendrites colocalized with neurotrans- compared to synaptic release sites (see Figure 3A), a
mitter receptors and postsynaptic cytoskeletal linker pro- difference that was statistically significant (two-sided
teins. For glutamatergic boutons, we examined the lo- two-sample KS test, D 0.198, p 0.001; Figure 3D). It
calization of AMPA and NMDA type glutamate receptors follows, therefore, that given identical fractional release,
(AMPAR, NMDAR) and the postsynaptic density protein the total number of vesicles released at orphan sites
must be less than at synaptic sites.95 (PSD-95) at sites of FM1-43 recycling (Figures 2A
Presynaptic Boutons without Dendritic Contact
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Figure 1. Many Clusters of Immunolabeled Presynaptic Proteins and FM1-43 Colocalize on Isolated Axons that Have No Dendritic Apposition
(A) Fluorescence images of hippocampal neurons after loading with FM1-43 (left column) and subsequent immunolocalization of Bassoon or
VAMP2 (second column from left) and MAP2 (third column). The right column shows an overlay of FM1-43 fluorescence (green) and immunostain-
ings (presynaptic proteins in red, MAP2 in blue). Scale bar equals 5 m.
(B) Puncta of FM1-43 and/or VAMP2 (Bassoon) fluorescence were counted and classified as being either on or off a MAP2-positive dendrite
and either FM1-43 and VAMP2 (Bassoon) colocalized, presynaptic protein only, or FM1-43 only. The fractions of fluorescence puncta in these
six categories are represented in percent of the total number of fluorescent puncta containing either FM, Bassoon (VAMP), or both markers
simultaneously (mean  SEM; n  3 cultures).
To determine whether the observed differences in membrane fusion and is greatly inhibited by Tetanus
toxin (TeNT), a neurotoxin that proteolytically inactivatesFM1-43 staining intensity could reflect differences in SV
pool size, we quantitatively compared the levels of the VAMP2 (Schiavo et al., 1992). In contrast, immature SV
exocytosis from axonal shafts and growth cones of de-SV protein VAMP using retrospective immunocytochem-
istry. VAMP fluorescence (mean 1027 and 2710 a.f.u., veloping neurons employs a different, TeNT-resistant
VAMP homolog and thus is largely unaffected by TeNTrespectively; KS test, D  0.449, p  0.001) was signifi-
cantly lower at orphan than at dendritically apposed (Verderio et al., 1999). To investigate whether SV release
at orphan boutons exhibits either the mature or imma-boutons (Figure 3D). Interestingly, orphan release sites
also contained less CAZ, as reflected by lower Bassoon ture form of SV exocytosis, we treated neuronal cultures
with TeNT (10 nM for 2 hr) and subsequently examinedfluorescence (mean 824 and 2177 a.f.u., respectively;
KS test, D  0.465, p  0.001). Together, these findings the amount of FM1-43 loading of presynaptic boutons
identified by post hoc immunostaining for synaptophy-indicate that active zones and associated total and recy-
cling SV pools are significantly smaller at orphan than sin. FM1-43 uptake after TeNT pretreatment both at
synaptic and orphan release sites was greatly attenu-at synaptic release sites.
Regulated, calcium-dependent SV recycling in isolated ated (8.5% 3.7% and 5.6% 2.1% of control, respec-
tively; Figure 3E). Therefore, SV exocytosis at orphanaxons of developing neurons has been previously dem-
onstrated soon after onset of neurite outgrowth and release sites, like neurotransmitter release at synaptic
release sites, differs from exocytosis prior to synapsebefore formation of cell contacts (Matteoli et al., 1992;
Kraszewski et al., 1995; Dai and Peng, 1996). This “im- formation in its utilization of VAMP2 in the core complex.
Developing and mature synapses also differ in theirmature” form of SV exocytosis, however, utilizes differ-
ent molecular machinery for exocytosis than release at utilization of trans-Golgi trafficking in SV recycling. SV
exocytosis in immature axons is readily blocked by Bref-mature synapses. At mature synapses, SV exocytosis
requires VAMP2 as part of the core complex initiating eldin A (BFA; Zakharenko et al., 1999; Polo-Parada et
Neuron
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Figure 2. Colocalization of Immunolabeled Postsynaptic Proteins with Functional Presynaptic Boutons Is Restricted to MAP2-Positive Den-
drites
(A) FM1-43 fluorescence (left) and subsequent immunolocalization of AMPAR (GluR1 subunit), NMDAR (NR1 subunit), PSD-95, gephyrin, or
N-cadherin (second column from left), and MAP2 (third column). The right column shows an overlay of FM1-43 (green) and immunofluorescence
images (postsynaptic proteins or N-cadherin in red, MAP2 in blue). Scale bar equals 5 m.
(B) Fraction of FM1-43-positive boutons colocalizing with postsynaptic proteins and N-cadherin either apposed or not apposed to MAP2-
positive dendrites (on-dendrite and off-dendrite, respectively). The third column (total) shows the degree of colocalization for all boutons
combined (mean  SEM; n  3 cultures).
al., 2001). This drug inhibits the activation of small G ular trafficking between these cellular compartments. In
contrast, SV recycling at mature synapses bypassesproteins of the ADP-ribosylation factor (ARF) family that
are required for coat assembly on Golgi and at least vesicular trafficking affected by BFA. We determined
whether SV recycling at orphan release sites is depen-some endosomal membranes, thereby preventing vesic-
Presynaptic Boutons without Dendritic Contact
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dent on BFA-sensitive trafficking. Pre-incubation of cul-
tures with BFA (10 ng/ml, 2 hr) did not attenuate the
specific FM1-43 uptake at either synaptic or orphan
release sites, but in fact produced slight but reproduc-
ible increases in F (109.7%  3.7% and 113.4% 
12.5% of control, respectively; Figure 3E). This demon-
strates that SV recycling bypasses BFA-sensitive traf-
ficking pathways at both populations of release sites.
Taken together, these results suggest that orphan and
synaptic release sites utilize the same mature mecha-
nisms of SV exocytosis and retrieval.
Lower Probability of Release at Orphan Sites
Bath application of 90 mM potassium, while used rou-
tinely in studies employing FM1-43 to investigate release
kinetics, is a massive depolarizing stimulus that pro-
vides long-lasting opening of voltage-dependent Ca2
channels throughout the neuron. In contrast, Ca2 influx
occurring following an action potential is much briefer
and more localized, possibly contributing to constraints
on coupling of calcium influx with SV fusion or handling
of intracellular Ca2 near the active zone. Therefore, we
also examined FM1-43 destaining kinetics in response
to action potential firing at 10 Hz field stimulation for
90 s (Figure 4A). Interestingly, this stimulation protocol
revealed that destaining at orphan release sites occurs
at a slightly lower rate than destaining at synaptic sites,
as seen in the average of 1234 orphan and 3250 synaptic
release sites (Figure 4B). The difference in the cumulative
distributions of the relative fluorescence loss (F/F) during
the first 20 s of the depolarizing stimulus (Figure 4B,
inset) was highly significant (KS test, D  0.081; p 
2.4  10	6). The time constants of unloading as deter-
mined by fitting destaining curves of individual release
sites with a single exponential were also significantly
larger at orphan compared to synaptic release sites (me-
dians 18.1 and 15.8 s, respectively; KS test, D 0.0966,
p  5.25  10	8).
To further explore the possibility that calcium sensitiv-
Figure 3. Orphan Release Sites Are Smaller than Release Sites Ap-
ity is different at orphan and synaptic release sites, weposed to Dendrites, but Have Similar Kinetics of SV Exocytosis
examined the effect of different extracellular calcium(A) FM1-43-labeled release sites apposed to MAP2-positive den-
concentrations on release from orphan and synapticdrites (open arrowheads) or without dendritic contact (filled arrow-
sites. In the absence of extracellular calcium, field stimu-heads). Both groups of boutons release dye during application of
a 90 mM potassium solution. lation did not cause FM1-43 release that was signifi-
(B) Release kinetics of the boutons in (A). Bars denote the onset of cantly above background destaining (Figure 4C), dem-
90 mM potassium application. Scale bars equal 30 s and F/F 0.5. onstrating that release both at orphan and synaptic sites
(C) Averaged FM1-43 release kinetics at synaptic (black circles)
is calcium dependent. With [Ca2]o ranging from 0.5 toand orphan (gray triangles) release sites (mean  SEM of n  6
4 mM, FM1-43 destaining observed following 10 Hz stim-experiments in 3 different cultures). Inset shows cumulative histo-
gram of the degree of unloading after a 20 s application of 90 mM ulation for 20 s was significantly less at orphan than at
K at synaptic (black line) and orphan (gray line) release sites. synaptic sites. Interestingly, this difference was more
(D) Cumulative histogram of the FM1-43 fluorescence intensity at pronounced at lower (0.5–2 mM) than at higher calcium
synaptic (black) and orphan (gray) release sites. Inset box plot de- concentrations (4 mM). At very high [Ca2]o of 8 mM,picts the distribution of VAMP (VAMP2) and Bassoon (Bsn) fluores-
differences in release between orphan and synapticcence intensities of synaptic and orphan release sites. Black lines
release sites did not reach statistical significance. Inindicate the median, crosses indicate the mean, lower and upper
borders of the colored bars indicate the 25th and 75th percentiles, summary, differences in release between orphan and
and whiskers indicate the 5th and 95th percentiles of the distribution. synaptic release sites could only be observed under
(E) Specific FM1-43 fluorescence (F  fluorescence intensity after conditions of limited calcium entry (field stimulation at
depolarization-induced loading minus fluorescence remaining after
0.5–4 mM [Ca2]o, not at 8 mM [Ca2]o, or stimulation byunloading) at synaptic (black) and orphan (gray) release sites
raising bath potassium concentrations). This observa-(mean SEM; n 3 cultures) following pre-incubation with 10 ng/ml
tion is consistent with the hypothesis that at orphanTetanus Toxin (TeNT), 10 g/ml Brefeldin A (BFA), or vehicle (ctrl)
for 2 hr prior to FM1-43 loading/unloading. sites, the efficacy of coupling between calcium influx
and SV fusion is lower.
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Figure 4. FM1-43 Destaining Kinetics in Response to Field Stimulation Reveal Lower Release Probability and Altered Calcium Influx-Release
Coupling at Orphan Compared to Synaptic Release Sites
(A) Release at individual synaptic (black line) and orphan (gray line) release sites. Bars denote duration of field stimulation at 10 Hz. Scale
bars equal 30 s and F/F  0.5.
(B) Averaged FM1-43 release kinetics at synaptic (black circles) and orphan (gray triangles) release sites (mean  SEM of n  6 experiments
in 3 different cultures). Inset shows cumulative histogram of the degree of fractional destaining in response to 100 stimuli at 10 Hz at synaptic
(black line) and orphan (gray line) release sites.
(C) Fractional release at synaptic (black circles) and orphan (gray triangles) release sites following 100 stimuli at 10 Hz as a function of the
extracellular calcium concentration.
Dynamic Movements of Orphan and Synaptic clusters of recycled SVs and stationary orphan release
sites represent the same or different populations, weRelease Sites
Orphan release sites lack cell contact to a postsynaptic compared their FM1-43 fluorescence intensity distribu-
tions. Distributions of mobile SV clusters and recyclingstructure, which could serve to anchor the active zone
and the associated SV clusters to a fixed location within SV pools at stationary orphan release sites were very
similar (Figure 5C), with medians of 314 and 343 a.f.u.,the axon. Therefore, orphan sites might be unstable,
either tending to dissociate into its active zone and SV respectively, suggesting that they are structurally simi-
lar. In contrast, stable synaptic release sites were oncomponents or remaining structurally intact but being
mobile within the axon. Time-lapse studies on cultures average more intensely labeled (median of 1062 a.f.u.),
and their intensity distribution was more skewed. Weat 37
C in which functional presynaptic boutons had
been loaded with FM1-43 revealed that indeed a signi- were interested in testing the possibility that recycling
SV pool size may be unitary. All three distributions wereficant proportion of labeled SV clusters were highly
mobile (Figure 5A, see also Supplemental Movie S1 at fitted with a sum of Gaussian distributions with multiples
of the same mean and standard deviation (see Experi-http://www.neuron.org/cgi/content/full/40/5/945/DC1).
SV clusters moved both anterogradely and retrogradely, mental Procedures). This could be well accomplished
with a sum of Gaussian distributions of unitary mean offrequently pausing and reversing their direction. Their
mean maximal velocity was 0.9m/s (range 0.1–2.2 m/s, 255 a.f.u. and standard deviation of 67 a.f.u., suggesting
that the size of the recycling vesicle pool could indeedas measured in time-lapse studies with an acquisition
frequency of 0.5 Hz). The mean net movement away be described by a unitary distribution. According to the
fit, both mobile and stationary orphan SV clusters con-from their original location was 3.2 m (range 1.0–12.1
m; data not shown). sist predominantly (to 69% and 56%, respectively) of a
single unit of recycling SVs, whereas the majority ofOrphan release sites in isolated axons (Figure 5A)
were mobilized more frequently than synaptic release synaptic release sites (95%) had more than one and
typically two to ten recycling SV units.sites in axons apposed to dendrites (Figure 5B). In axons
apposed to dendrites, however, we also noted weakly
FM1-43-labeled, mobile SV clusters (open arrow, Figure Mobile SV Clusters Are Release Competent
Mobile, FM1-43-labeled vesicular compartments could5A). Interestingly, these weakly labeled sites apposed
to dendrites also often lack colocalization with postsyn- be SV clusters and/or endosomes containing endocy-
tosed styryl dye. Alternatively, they may correspond toaptic markers such as PSD95 (data not shown) and
therefore most likely represent orphan sites that are fully assembled release sites that are mobilized from
one site within the axon and transported to another siteapposed to dendrites. In general, bouton stability was
strongly correlated with FM1-43 fluorescence intensity in their entirety. To examine this possibility, we again
loaded presynaptic boutons with FM1-43 and performedregardless of whether the cluster was in an isolated
axon or an axon apposed to a dendrite. A quantitative a time-lapse analysis to detect mobile FM1-43-labeled
SV clusters (Figure 6A). Immediately following the time-analysis (Figure 5C) confirmed that orphan release sites
in isolated axons, and weakly FM1-43-labeled release lapse study, we depolarized the neurons to unload
FM1-43 and immediately fixed the cells and performedsites onto dendrites, were frequently mobilized, whereas
the moderately to intensely labeled synaptic release a retrospective immunostaining for MAP2 and Bassoon
(Figure 6A). The majority of mobile SV clusters (75%, nsites remained very stable. To explore whether mobile
Presynaptic Boutons without Dendritic Contact
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Figure 5. Recycling SV Pools of Orphan Release Sites Can Be Mobilized and Are Unitary in Size
(A) Left: FM1-43-labeled SV clusters on an isolated axon at different time points (in min) after dye loading. Note that some clusters are stable
at their location (filled arrowheads), while some move along the axon in anterograde or retrograde directions (open arrowheads). Right: FM1-
43-labeled SV clusters on an axon that is apposed to a dendrite. Most SV clusters that are intensely labeled with FM1-43 show little mobility
(filled arrowheads), while some, less bright clusters move during the observation period (open arrowheads). Scale bar equals 2 m.
(B) Fraction of SV clusters mobilized on isolated axons (gray circles), apposed to dendrites only weakly stained with FM1-43 (lower 30% of
the intensity distribution, black down arrows), or apposed to dendrites and strongly stained with FM1-43 (upper 70% of the intensity distribution,
black up arrows) as a function of time (mean  SEM; 5 experiments from n  3 different cultures).
(C) Intensity distributions of mobile SV clusters, stationary release sites on isolated axons (“stationary orphan”), and stationary release
sites on dendrites (“synaptic”). Distributions were fitted with the sum of multiple Gaussian distributions as described in the Experimental
Procedures section.
136) colocalized with Bassoon, in line with our previous with the newly formed orphan site in post hoc immuno-
cytochemistry (Figure 7A, last panel; see also Figureobservation that most FM1-43-stained vesicle clusters
6A). New orphan clusters also arose as a consequencecolocalize with this CAZ component (cf. Figure 1). More-
of a complete mobilization of an entire FM1-43-labeledover, the FM1-43 destaining observed at mobile vesicle
SV cluster from one location in an axon to a nearby siteclusters was comparable to the styryl dye unloading
(Figure 7A, bottom panels). Interestingly, we failed toobserved at nearby synaptic release sites (Figure 6B).
detect Bassoon at synaptic sites from which the recy-As shown in Figure 6C, FM1-43 release at mobile sites
cling SV pool had been completely mobilized. We havestimulated by field stimulation at 10 Hz was not signifi-
demonstrated above (see Figure 6A and Supplementalcantly different from release at nearby stationary sites
Movie S2 at http://www.neuron.org/cgi/content/full/40/(n 41; KS test, D 0.1499, p 0.39). This observation
5/945/DC1) that these recently mobilized novel SV clus-suggests that the mobile FM1-43-labeled SV clusters
ters are release competent upon depolarization. Fromare in fact components of dynamic yet fully functional
these observations, we conclude that fully functionalrelease sites.
orphan release sites can arise by partial or full mobiliza-
tion of synaptic release sites. A quantitative analysis
Dynamic Exchanges between Orphan (Figure 7C) revealed that full or partial mobilization of
and Synaptic Release Site Pools synaptic release sites was a rather frequent event: At
In the course of performing the time-lapse studies de- 37
C, 0.8%  0.2% of synaptic release sites were com-
scribed above, we frequently observed that novel FM1- pletely mobilized (“elimination”) within a 10 min observa-
43-labeled SV clusters in isolated axons arose from the tion period, whereas at 8.8%  1.2%, FM1-43 fluores-
apparent mobilization of SVs from existing synaptic re- cence intensity decreased by more than one-half due to
lease sites (Figure 7A). “Budding” events from brightly partial mobilization of the recycling SV pool (“budding”).
labeled synaptic sites were evidenced by the appear- Based on these quantifications, the mobilization of syn-
ance of a nearby new spot of FM1-43 fluorescence and aptic release sites could account for the generation of
a concomitant drop of fluorescence intensity at the origi- all orphan release sites observed.
The converse of their formation by full or partial mobili-nal site (Figure 7A, top panels). Bassoon colocalized
Neuron
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Figure 6. SV Clusters Mobilized from Estab-
lished Release Sites Are Functional
(A) Time-lapse images of FM1-43-labeled SV
clusters splitting from an existing release site
(filled arrowhead) and moving to several loca-
tions adjacent to the established release site
(open arrowheads). Retrospective MAP2 and
Bassoon immunostaining are shown below.
(B) Depolarization-induced release of FM1-43
from SVs at the existing release site (2) and
the mobile SV clusters (1, 3, and 4). The un-
marked mobile SV cluster moved during the
stimulation and was not analyzed for dye re-
lease. Scale bars equal 60 s and F/F  0.5.
(C) Average fractional destaining of mobile
SV clusters (n  41) and adjacent stationary
release sites (n  200). Only sites that did
not display any mobilization events during the
destaining period were included in the analy-
sis to eliminate any contribution of lateral dif-
fusion of FM1-43. Inset shows the cumulative
histogram of destaining after 200 stimuli at
10 Hz.
zation of synaptic release sites is that orphan sites ture presynaptic release sites does not require contact
to a postsynaptic apposition. In fact, “orphan” releasemerge with and enlarge existing synaptic release sites
(Figure 7B, open arrows). Moreover, we also observed sites exist that are not associated with a postsynaptic
specialization. Second, orphan release sites, while ca-events where orphan sites were recruited to form novel
release sites onto dendrites (Figure 7B, closed arrow), pable of undergoing mature, activity-dependent endo-
exocytic recycling, are highly mobile and in a dynamicleading to the formation of novel synapses. In the exam-
ple shown in Figure 7B, during a 10 min time-lapse equilibrium with synaptic release sites. Generated by
partial or complete mobilization of synaptic releaseimaging experiment, we observed the slow mobilization
of orphan clusters to a site that previously did not have sites, they can fuse with existing synaptic release sites
or form novel release sites onto dendrites, suggestingany FM1-43 labeling. The culture was then returned to
the incubator for 80 min, then fixed and probed for that they may play a potentially important role in the
modulation of presynaptic efficacy and in synapto-PSD95 and MAP2 immunoreactivity. Analysis of the im-
aged field revealed that the moving FM1-43 orphan re- genesis.
lease sites were recruited to a site where the axon inter-
sected with a MAP2-positive dendrite. Retrospective
Presynaptic Release in the Absenceimmunocytochemistry revealed that the stabilized new
of Cell Contactsite was positive for PSD95 (Figure 7B, last panel). A
The conclusion that cell-cell contact is not a prerequisitequantitative analysis of described events is shown in
for the formation of a functional presynaptic releaseFigure 7C. Within a 10 min observation period, FM1-43
site is based on our findings that in mature cultures offluorescence is increased by a factor of2 due to fusion
dissociated rat hippocampal neurons, significant frac-of orphan sites at about 9.7%  1.5% of all synaptic
tions of glutamatergic and GABAergic boutons lack con-release sites. Moreover, during that 10 min period, an
tact with a postsynaptic dendrite and colocalization withaverage of 1.6% 0.5% new release sites onto dendrites
ionotropic neurotransmitter receptors and their cy-were added by recruitment of orphan release sites.
toskeletal adaptor proteins. Intriguingly, orphan boutons
have also been observed in intact brain tissue in regions
of en passant synaptic contact. Approximately 13% ofDiscussion
varicosities on commissural and Schaffer collateral ax-
ons have no associated postsynaptic density in a serialHere, we provide experimental evidence in support of
two hypotheses. First, the formation of functionally ma- electron microscopy study of the CA1 stratum radiatum
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Figure 7. Origin and Fate of Orphan Release Sites
(A) Generation of orphan release sites by partial (“budding”; upper panel) or full (“elimination”; lower panel) mobilization of synaptic release
sites. A series of FM1-43 fluorescence images, retrospective Bassoon and MAP2, and an overlay of Bassoon, MAP2, and the last FM1-43
images are shown. Asterisks denote sites of mobilization, and open and filled arrowheads indicate orphan release sites arising from these
partial and complete mobilizations, respectively. Scale bar equals 2 m.
(B) Fusion of orphan release sites with existing synaptic release sites (open arrowheads) or recruitment of orphan boutons to novel sites
apposed to dendrites (filled arrowhead). Asterisks denote translocated orphan release sites. After FM1-43 imaging, the culture was returned
to the incubator for 80 min before it was fixed and immunostained for PSD95 and MAP2. Scale bar equals 2 m.
(C) Quantitative analysis of synaptic release site remodeling. During an observation period of 10 min, release sites apposed to dendrites with
bright FM1-43 fluorescence (upper 70% of the FM1-43 intensity distribution) were scored for the following: elimination (full mobilization events,
n  17), budding and fusion (2-fold decrease and increase in fluorescence; n  213 and n  229, respectively), and formation (recruitment
and stabilization of an orphan to a novel site apposed to a dendrite, n  34). Fluorescences of FM1-43 time-lapse frames were normalized
to the first frame to correct for spontaneous release and bleaching of the dye. Frequencies of occurrences of these events relative to the
total number of synaptic release sites (n  3288) are shown (means and standard errors from 6 experiments in 2 cultures).
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in adult rat hippocampi (Shepherd and Harris, 1998). manner, suggesting that they correspond to mobile yet
fully functional release sites.Analogous results have been obtained for cerebellar
parallel fiber varicosities (Pichitpornchai et al., 1994). How could functional release sites be translocated
within an axon? The movement of FM1-43-positive SVAlthough it is not clear whether the orphan boutons
found in these studies are in fact functional, their pres- clusters we report here is very similar to that reported
by Ahmari et al. (2000) and consistent with previouslyence suggests that in vivo the formation of morpho-
logically distinct presynaptic boutons can occur inde- measured rates of microtubule motor-based transport
(Lee et al., 2002). Recent concepts concerning the ultra-pendent of cell contact. We have extended these
morphological observations of isolated presynaptic structure of presynaptic release sites shed light onto
how this transport could be accomplished. Phillips et al.boutons lacking a postsynaptic apposition by character-
izing their functional kinetics and their role in synapto- (2001) combined biochemical fractionation and electron
microscopy to provide evidence for a modular composi-genesis.
The in vivo presence of release sites lacking a post- tion of presynaptic release sites. Their experimental data
suggest that the active zone may consist of multiplesynaptic specialization makes it unlikely that the orphan
release sites we observe in vitro are artifactual. While copies of CAZ protein complexes that are connected
by components of the cortical cytoskeleton. Accordingthere is some evidence that nonspecific interactions
of axons with substrate-coated beads can support the to this model, SVs, in turn, are tightly associated with
individual CAZ modules. The finding by Shapira et al.formation of extraneous boutons (Burry, 1982), our ob-
servations suggest that orphan release sites are highly (2003) that active zones are composed of unitary
amounts of CAZ material and our observation that recy-mobile and therefore not dependent on rigid cell-sub-
strate interactions. Also, our demonstration that orphan cling SV pools are quantal support the hypothesis of a
modular arrangement of presynaptic machinery. Suchsites arise from partial or full mobilization of existing
synaptic release sites points to a process of presynaptic a modular organization would allow for dissociation and
microtubule-based transport of functional units to andassembly that conceivably does not require induction
by cell contact. Nonetheless, our findings do suggest from existing presynaptic assemblies. In addition, it
should be noted that a number of molecular componentsthat cell contact to a postsynaptic apposition may affect
the structure and function of presynaptic release sites. of the presynaptic release machinery, especially plasma
membrane-associated proteins of the active zone suchMost strikingly, the absolute intensity of FM1-43 loading
and immunocytochemically detected quantities of SV as syntaxin and SNAP25, are not restricted to release
sites, but rather are distributed throughout the axonaland CAZ proteins were significantly less at orphan than
at dendritically apposed release sites. This suggests surface (Garcia et al., 1995). These components, then,
would not necessarily be transported with the ensemblethat cell contact of a release site to a postsynaptic target
may positively affect the size of its SV pool and active of CAZ and SVs, but rather supply their function to the
CAZ/SV complex locally wherever the CAZ module inter-zone either by attracting SVs and CAZ components or
by stabilizing the existing SV pool and active zone at the acts with the axonal plasma membrane. Taking into ac-
count these concepts about the presynaptic ultrastruc-site of cell adhesion. Such an aggregating or stabilizing
influence of cell adhesion may also account for the accu- ture, we propose a model whereby functional CAZ
modules with tightly associated SVs dissociate frommulation of release sites on nonneuronal cells heterolo-
gously expressing synaptic cell adhesion molecules existing presynaptic release sites and utilize micro-
tubule-associated motors to be transported to sites ofsuch as -neurexin/neuroligin (Scheiffele et al., 2000)
and SynCAM (Biederer et al., 2002). In addition, our synaptogenesis.
present data demonstrate cell contact of a release site
to a postsynaptic target appears to retrogradely influ- Role of Orphan Release Sites in the Regulation
ence its calcium influx-release coupling, since orphan of Presynaptic Efficacy and Synaptogenesis
release sites showed decreased fractional rates of re- The observation that orphan release sites are in dynamic
lease at low to intermediate levels of calcium influx. equilibrium with existing synaptic release sites, capable
of decreasing their size by budding or enlarging their
size by fusion of multiple orphan units, offers an intri-Dynamic Mobilization of Functional
Presynaptic Machinery guing possibility for rapid modulation of presynaptic
efficacy. Ample experimental evidence supports the no-In the present study, we report the interesting observa-
tion that a considerable fraction of FM1-43-labeled SV tion that release probability at a synapse is correlated
with the size of its readily releasable and recycling SVclusters is highly mobile. Our finding parallels earlier
reports describing movements of vesicular compart- pool (Dobrunz and Stevens, 1997; Murthy et al., 1997)
and active zone size (Schikorski and Stevens, 1997).ments containing SV proteins within the axon (Kraszew-
ski et al., 1995; Ahmari et al., 2000) of developing neu- Therefore, any events that increase the size of the recy-
cling SV pool and/or the active zone size, such as fusionrons and in mature hippocampal cultures (Okabe et al.,
2001). Ahmari et al. (2000) have suggested that VAMP- of an orphan unit with a synaptic release site, would
increase release probability, whereas events that de-GFP-containing mobile vesicular compartments are in
fact SV clusters—or “packets”—that are transported to crease SV pool and active zone size, such as the partial
mobilization of a synaptic release site, would diminishnascent synaptic release sites. Intriguingly, we find that
the majority of mobile FM1-43-positive SV clusters colo- the efficacy of release. Recent attention has focused
on postsynaptic mechanisms of plasticity, such as thecalize with the CAZ protein Bassoon and retain their
capacity to release FM1-43 in an activity-dependent increases in postsynaptic density (PSD) size, insertion
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of AMPA receptors, or the modulation of dendritic spine extension of filopodia from adjacent dendrites. In sum-
morphology (Luscher et al., 2000; Yuste and Bonhoeffer, mary, the presence of fully functional orphan boutons
2001; Malinow and Malenka, 2002). The increases in that can be rapidly mobilized within axons may be a
the cell adhesive forces provided by such postsynaptic necessary presynaptic mechanism corresponding to the
changes could serve to recruit orphan clusters and con- rapid growth and remodeling of dendritic spines thought
tribute to corresponding increases in presynaptic effi- to mediate synapse formation and plasticity.
cacy. In fact, the observations by Schikorski and Ste-
Experimental Proceduresvens (1997) that the active zone and PSD areas were
highly correlated are consistent with the notion that pre-
Primary Cultures of Rat Hippocampal Neuronssynaptic scaling by reversible addition and subtraction
Low-density cultures of dissociated rat hippocampal neurons wereof functional orphan modules can complement postsyn-
prepared using a modification of a protocol described by Brewer
aptic mechanisms altering synaptic efficacy. Interest- et al. (1993). Hippocampi were dissected from Sprague-Dawley rat
ingly, recent evidence suggests that neuronal activity embryos (E18–E19), incubated for 15 min with 0.03% trypsin, and
results in dramatic morphological changes of presynap- dissociated using a fire-polished Pasteur pipette. Cells were then
plated at a density of 3–6  103 cm	1 on coverslips (Warner Instru-tic structures that may ultimately play a significant role
ments, Hamden, CT) coated with 0.1% (w/v) poly-L-lysine (Peptidesin synaptogenesis and synaptic remodeling (Colicos et
International, Louisville, KY) in Neurobasal medium supplementedal., 2001; De Paola et al., 2003; Nikonenko et al., 2003).
with B-27 (Invitrogen, Carlsbad, CA), 0.5 mM glutamine, 25M gluta-
Our finding that orphan release sites can be recruited mate, and 5% fetal calf serum. 4 hr after plating, the medium was
to sites of axodendritic contact and initiate the formation replaced with serum-free Neurobasal supplemented with B-27 and
of novel synapses also suggests a role of orphan release 0.5 mM glutamine; thereafter, one-third of the medium was replaced
weekly. Cultures prepared using this protocol typically containedsites in synaptogenesis. The current working model for
very few glial cells, started to form synapses after 6 days in vitro,synaptogenesis is that the formation of a new release
and were used 10 to 20 days after plating.site involves the initial formation of an active zone at
sites of axo-dendritic contact whose components have
Fluorescence Microscopy and Imaging of SVbeen “prepackaged” into a specialized dense-core se-
Exo-Endocytosis and SV Cluster Dynamics
cretory vesicle (Zhai et al., 2001). Following deposition Fluorescence microscopy was performed using a Nikon TE300 in-
of the active zone components by fusion of the proposed verted epifluorescence microscope equipped with a Nikon 40,
dense core vesicle with the plasma membrane, synaptic 0.75 NA objective, a Uniblitz shutter, and fluorescence filter sets
(Chroma, Brattleboro, VT) for fluorescein isothiocyanate (FITC) (480/vesicles then associate with this site (Garner et al., 2002).
40 nm bandpass excitation, 595 nm longpass beamsplitter, 630/60We propose that the recruitment of mobile yet functional
nm emission), FM1-43 (excitation and beamsplitter as for FITC; 570units of tightly associated CAZ and SVs allows an alter-
nm longpass emission), and Texas red (560/40 nm bandpass excita-native, rapid mechanism of synaptogenesis. Pre-assem- tion, 595 nm longpass beamsplitter, 630/60 nm bandpass emission).
bled, functional modules of CAZ proteins and SVs of Images were acquired with a Hamamatsu (Bridgewater, NJ) ORCA
existing presynaptic release sites adjacent to the na- CCD camera controlled by IPLab software (Scanalytics, Fairfax, VA).
For imaging of SV endo-exocytosis and SV cluster dynamics, cov-scent site could be mobilized to rapidly establish a new
erslips of cultured neurons were transferred to a custom-built cham-functional presynaptic bouton. These two working mod-
ber with small bath volume (80 l) and gridded bottom. Duringels of the formation of new synaptic release sites are
experiments, chambers were perfused with HEPES-buffered salinenot necessarily mutually exclusive, but may represent
(HBS) containing (in mM) 124 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 10mechanisms alternatively utilized for the establishment HEPES, and 5 D-glucose, adjusted to pH 7.3. Solutions and chamber
of new synaptic contacts. The slower de novo assembly were heated to 37
C. For FM1-43 destaining experiments using high
of presynaptic release sites may occur, for instance, extracellular potassium concentrations for depolarization, neurons
were loaded with FM1-43 by incubation with 15 M FM1-43 in HIKSearly in development, when synapses are still scarce,
(in mM: 90 KCl, 37 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 5 D-glucose)or at axonal growth cones, where SVs and CAZ compo-
supplemented with 10 M 6,7-Dinitroquinoxaline-2,3-dione (DNQX)nents appear to be segregated into different vesicular
and 50 M 2-Amino-5-phosphonopentanoic acid (APV) to preventcompartments (Zhai et al., 2001). Later in development
recurrent excitation. For experiments using field stimulation, neu-
and in the mature nervous system, synaptogenesis initi- rons were subjected to 15 mM FM1-43 in HBS supplemented with
ated by outgrowth of new spines (Maletic-Savatic et al., 10 M DNQX and 50 M APV and stimulated at 10 Hz for 90 s.
1999; Engert and Bonhoeffer, 1999; Trachtenberg et al., Action potentials were elicited by passing 1 ms current pulses yield-
ing fields of 10 V cm	1 through platinum electrodes placed 0.5 cm2002) and remodeling of existing spines (Buchs and
apart. Images were acquired at a rate of 0.5 Hz (destaining kinetics),Muller, 1996; Fischer et al., 2000) are thought to play an
0.25 Hz (to follow movements of SV clusters), or 1 min	1 (to assessimportant role in activity-dependent remodeling of the
stability of presynaptic boutons). After destaining, the neurons wereneuronal circuitry. To allow for the observed rapid onset
immediately fixed for retrospective immunocytochemistry (see
of such changes in the strength of neuronal connections, below).
the formation of fully functional synaptic connections at
sites of novel axospinal contact must occur very quickly, Antibodies and Immunocytochemistry
on the order of minutes. A recruitment of functional For immunocytochemistry not involving AMPAR, cultures were first
modules of CAZ and SVs from pre-existing presynaptic fixed with 4% paraformaldehyde in PBSS (in mM: 137 NaCl, 2.7 KCl,
4.3 mM Na2HPO4, 1.4 mM KH2PO4, 4% (w/v) sucrose [pH 7.3]) for 2assemblies could allow for such rapid formation of new
min followed by methanol at	20
C for 10 min. This fixation protocolrelease sites. Finally, it has been shown that activation
yielded optimal antigen detection while preserving cell morphologyof glutamate receptors can regulate motility of dendritic
better then methanol fixation alone. For GluR1 detection, cells were
filopodia and spines (Fischer et al., 2000). It is therefore fixed with 4% paraformaldehyde for 15 min and then permeabilized
possible that the neurotransmitter released from mobile for 5 min with 0.1% Triton X-100 in PBSS. Coverslips were incubated
presynaptic boutons prior to contact formation with a with blocking solution (10% goat serum and 1% BSA in PBSS) for
at least 1 hr and exposed to primary antibodies (in blocking solution)postsynaptic target may have an instructive role for the
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overnight, and antibodies were visualized with fluorochrome-cou- Received: February 11, 2003
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Image Analysis
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Optimized survival of hippocampal neurons in B27-supplementedTime-lapse images were aligned. Background fluorescence of each
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2/(2n2), Fitzsimonds, R.M., and Poo, M.M. (1998). Retrograde signaling in
the development and modification of synapses. Physiol. Rev. 78,
where fn are weight factors of the individual Gaussian distributions 143–170.
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activity-dependent synaptic depression in simple neural networks.
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